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FOREWORD 


The program described in this report was conducted by the Ai Research 
Manufacturing Company of California, a division of The Garrett Corporation, 
under contract NAS3-18029. Program activity started in March 1974 and was 
completed in July 1978. The work was performed under the direction of Mr. Paul 
T. Kerwin, Project Manager, Power Generation and Storage, NASA-Lewis Research 
Center. The AiResearch Program Manager was James J. Ki I lackey. 

The valuable contributions of the members of the AiResearch technical 
staff are acknowleged: Robert E. Preston and Peter Lecko, development engineer- 

ring; Landon Stratton and George Mosinskis, thermal design; W. H. Feng, Richard 
F. Graves, and Harry A. Warren, structural design; and Kenneth K. Yap, mechanical 
des ign . 

Values for the physical quantities are given in both SI and U.S. Customary 
Units. Measurements and calculations were made in U.S. Customary Units. 
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SUMMARY 


ORIGINAL PAG.: 

OF POOR QUAU'IA 

Specifications for the counterflow plate-fin recuperator are presented in 
Table I, and the as-built unit is shown in fig. 1. Special provisions are 
incorporated to ( 1 ) obtain uniform flow distribution, which is crucial for meet- 
ing the exceptionally high temperature effectiveness, and (2) achieve enhanced 
structural reliability. 

Low-cycle fatigue was identified as the most critical and I i fe-l i mi ting 
structural design problem. Previous cyclic life estimates were refined. 

Results indicate that the recuperator has a minimum fatigue life of 200 
cycles. This is in excess of the BIPS requirements of 100 cycles. 

Fabrication and development testing of a prototype heat exchanger were 
completed. For the heat transfer performance test, a special procedure was 
developed to accurately account for heat leak effects. These are especially 
significant at a high temperature effectiveness. Test data obtained with air 
indicate that heat transfer performance with xenon-helium will slightly exceed 
requirements. The pressure drop exceeds the required value by less than 10 
percent and will be offset by the available excess heat transfer capability. 

The prototype unit was subjected to 200 rapid startup and shutdown test 
cycles designed to validate the cyclic life prediction and to shake down the 
structural design. After this exposure, the external helium leakage was less 
than 2.3 x 10"^ scc/sec, which is below the specification limit. Some internal 
bypass leakage was detected after 100 thermal cycles, but the resulting effect 
on system performance is negligible. 

A second unit, scheduled for installation in a power system, was proof 
pressure tested, tested for isothermal pressure drop (flow calibration), helium 
leak checked, and cleaned to spacecraft cleanliness standards prior to delivery. 


INTRODUCTION 


As part of its Bray ton-cycle space power system advanced technology pro- 
gram, NASA-Lewis Research Center has been pursuing the development of power 
conversion equipment for use with solar, reactor, and isotope heat sources. 
The recuperator is a key component in these systems and has been the subject 
of a development program extending over the past 14 years. The history of 
this activity has been traced and is documented in this report. 

The particular effort described in this report covers the design, 
fabrication, and test of the Mini-Brayton recuperator (MBR) that is part of 
a 2.0-kW space power system, which uses an isotope heat source. The desig- 
nation of Mini-Brayton is used to distinguish this system from other, larger 
power systems designed for operation with isotope or reactor heat sources. 

The unit is fabricated from Haste I I oy X and is designed for 10 years of 
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TAB LE I . — M I N I -BRA YTON R EC UPERATOR SPEC I F I C AT I ONS 


Parameters 

Working fluid 

Hot, low-pressure gas flow 
Cold, h i gh-pressure gas flow 
Hot-side inlet temperature 
Cold-side inlet temperature 
Cold-side temperature effectiveness, e 
Hot-side inlet pressure 
Cold-side inlet pressure 
Combined pressure drop, AP/Pjnlet 
Heat transfer rate 
Heat transfer area 
Overall dimensions 
He i g ht 
Width 
Length 

Material of construction 

We ight 

Des ign I i fe 


Descr i pt ion 

Xenon-helium , molecular weight = 83.8 
0.162 kg/sec (0.357 Ib/sec) 

0.159 kg/sec (0.350 Ib/sec) 

722 °C ( 1332°F) 

107°C (224°F ) 

0.975 

0.494 MPa (71.7 psia) 

0.732 MPa (106.2 psia) 

0.70 percent 

23.75 kW (22.53 Btu/sec) 

46.0 m 2 (495 sq ft) 

35.1 cm (13.8 in.) 

17.5 cm (6.9 in.) 

71.1 cm (28.0 in.) 

Haste I loy X 

59.4 kg (131 lb) 

100,000 hr (10 years) 
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continuous operation at 1000°K (1300°F) with a xenon-helium working fluid. 

The primary goals are high reliability and performance with minimum weight. 

The current application for the MBR is the Bray ton Isotope Power System 
(BIPS), a space power system now being developed by the Department of Energy, 
Division of Advanced Systems and Materials Production, Washington, D.C. 

The final MBR has been delivered to the AiResearch Manufacturing Company of 
Arizona, where it is installed in the BIPS Ground Demonstrator System. 
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HISTORY AND BACKGROUND 


The MBR design is the result of a recuperator development program that 
has extended over the past 14 years. The individual contracts between 
AiResearch and NASA-Lewis Research Center that comprise this effort are 
summarized in Table II. Highlights are discussed below. 


Solar Brayton-Cycl e Recuperator 


Extensive parametric analyses of plate-fin and tubular heat exchanger 
geometries were conducted. The final selection was a plate-fin configuration — 
a design used in all subsequent programs. Related design items including 
triangular end section design for uniform flow distribution, axial heat con- 
duction effects, and manifold flow distribution were first analyzed here. 

An optimized plate-fin recuperator was built and tested to confirm the analyt- 
ical design techniques. The material of construction was type series 347 
stainless steel and the assembly weight was 199 kg (438 lb). Estimated pei — 
formance with argon working fluid was a temperature effectiveness of 0.95 
and an overall pressure drop (both sides) of 2.3 percent. The recuperator 
is shown in fig. 2 and the program results are documented in Reference 1. 

Bray ton Heat Exchanger Unit (BHXU) 


The BHXU is an integral heat exchanger unit incorporating a plate-fin 
recuperator, a plate-fin gas-to-l iqui d heat sink heat exchanger, and the ducting 
and bellows. The assembly is shown in fig. 3. The BHXU mates with a turbine- 
a I ternator-compressor assembly, the NASA Brayton Rotating Unit (BRU). This 
power system, capable of producing 2.25 to 10.5 kW, has been operated by Lewis 
Research Center for over 30,000 hr. 

Parametric analysis and design layout studies identified the plate-fin 
counterflow configuration as optimum for the recuperator. The recuperator 
was fabricated from series 347 stainless steel and the core assembly weight 
was 91 kg (201 lb). With xenon-helium working fluid, the predicted recuperator 
effectiveness was 0.941 and the overall pressure drop (both sides) was 2.99 
percent. An important part of this study was the start of a comprehensive 
design procedure for high-temperature bellows. Three BHXU systems were 
delivered to NASA. 

Power system tests at NASA showed that after repeated startup and shutdown 
cycles, the recuperator would develop cracks in the header bar-to-tube plate 
joints, which resulted in working fluid leakage. The cracking mechanism was 
identified as low-cycle fatigue. No heat transfer performance degradation 
has been observed in 30,000 hr of test operation. Experience gained in this 
program has led to improved structural designs that have been incorporated 
in the MBR. Results of this program are presented in References 2 and 3. 
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TABLE I I.— BRAYTON-CYCLE HEAT EXCHANGER DEVELOPMENT 
(NASA-Lewis Research Center Sponsored Programs) 


Program 

Contract 

Period of 
Performance 

Solar Brayton-Cycl e Recuperator 
Delivered development unit 

NAS 3-2793 

. 

11/63 - 3/65 

Solar Brayton Heat Source HX Design Study 

NAS 3-8025 

6/65 - 1/68 

Brayton Heat Exchanger Unit (BHXU) 

Del ivered 3 systems - recuperator, 
heat sink HX, ducting, and bellows 

Tested at Lewis for 30,000+ hr 

NAS 3-10607 

5/67 - 3/72 

Alternate Design BHXU 

Del ivered advanced system with Haste 1 loy X 
recuperator, tubular HSHX, and link-type 
bel lows 

NAS 3-13454 

11/69 - 8/73 

Heat Exchanger and Duct Assembly (HXDA) 
Study program for nuclear system 

NAS 3-13453 

11/69 - 12/70 

Brayton-Cycl e Heat Exchanger Technology 
Low-cycle fatigue test 
New braze a 1 1 oys 
High-temperature bel lows 

! 

Thermal cycle test on submodules 

NAS 3-153 4 7 

i 

i 

6/71 - 8/76 

Mini-Brayton Recuperator 
Test prototype design 
Del iver MBR 

NAS 3-18029 

3/74 - 6/78 
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F - 27049 

Figure 3. — Bray+on-Cyc I e Heat Exchanger Unit. 


7 


Alternate Design BHXU 


This was the second generation of the BHXU designed to be integrated with 
the Brayton Rotating Unit (BRU) and installed in the NASA Engine B. The pro- 
gram goal was to achieve greater reliability by: (1) using stronger materials 

and more ductile braze alloys to increase the recuperator thermal fatigue life; 
(2) providing double containment against external leakage of the gaseous 
working fluid; and (3) elimination of possible leak paths of the organic coolant 
into the gas stream. 

Recuperator size was increased by 16 percent to provide a temperature 
effectiveness of 0.95. The predicted overall pressure drop was 2.68 percent 
(both sides). The material of construction was Hastelloy X and the recupera- 
tor core weight was 158 kg (348 lb). Double containment of the working fluid 
was achieved by brazing an additional cover plate to the core header bars, 
thus eliminating direct exposure of any braze joint to space vacuum. 


Operating pressures for this unit were increased over those for the ori- 
ginal BHXU. Utilization of a single bellows in the interconnecting ducts would 
have produced excessive stresses. A successf u I des i gn solution was achieved 
by using three hinged bellows in each duct. An internal hinge in each bellows 
made the bellows self-sufficient for absorbing the pressure thrust load. 


A tubular waste heat exchanger was selected for the alternate design 
because it offered a significant reduction in the number of leak paths for a 
modest increase in weight compared with the plate-fin design. Each core con- 
tained a total of 2016 stainless steel tubes he l i ca I I y wrapped with a copper 
fin. 


A complete BHXU assembly was manufactured 
final assembly is shown in fig. 4. Results of 
are presented in Reference 4 and a description 
ment and manufacturing operations in Reference 


and delivered to NASA. The 
the parametric analyses 
of the fabrication develop- 

5. 


Heat Exchanger and Duct Assembly (HXDA) 

As part of advanced space power systems studies, NASA investigated the 
performance character i st i cs of Brayton power conversion systems in the 35- 
to 150-kW class (Reference 6). These systems, which employ a liquid metal 
cooled reactor, use three heat exchangers: waste heat exchanger, heat source 

heat exchanger, and the recuperator. These heat exchangers and their inter- 
connecting ducting comprise the HXDA. 

The Phase l AiResearch effort was concerned with the selection of basic 
types of heat transfer surfaces for each heat exchanger and the development of 
minimum weight designs. Four designs were selected for final optimization 
and the recuperator was in all cases a counter flow plate-fin design with 
triangular end sections; the heat source heat exchanger was a cross-counter f low 
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Figure 4. — Alternate Design BHXU. 

finned tubular design; and the waste heat exchanger was a cross-counter f I ow 
plate-fin unit with two independent liquid cooling circuits in the core. 
Concept optimization studies are presented in Reference 7. 

Experimental data regarding the pressure containment capabilities of 
plate-fin matrixes operating at conditions typical for advanced power systems 
were obtained in Phase II. Specimens fabricated from series 347 stainless 
steel and Hastel loy X with nickel- and gold-braze alloys were burst and 
creep-rupture tested at temperatures up to 1140°K (1600°F). Test results 
were published in Reference 8. 

The Phase III studies were directed to the development of two FIXDA 
preliminary designs: one associated with the SNAP-8 reactor temperature 

capabilities — about 920°K (1200°F) maximum temperature — and the other with 
a more advanced system operating at about 1200°K (1700°F). These two 
prel im inary designs are presented in Reference 9. 

In June 1971, the fabrication of the FIXDA was initiated with a program 
to design, fabricate, and test a heat exchanger and duct assembly for a 
Brayton power system in the 15- to 80-kW class. Preliminary component designs 
were establ i shed based on the design point conditions in Reference 10. The 
final recuperator design was plate-fin counterflow with triangular end 
sections and constructed of Hastel loy X. With a xenon-helium working fluid 
(molecular weight = 39.94), the design point effectiveness was 0.925 and the 
overall pressure drop for both sides was 1.15 percent. Estimated recuperator 
weight was 382 kg (842 lb). 
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Small-scale tests were performed to evaluate recuperator braze joint 
strength and the characteristics of an alternate braze alloy (Nicuman 23) 
for the waste heat exchanger. At this stage of development it was clear 
that low-cycle fatigue was the most critical structural design factor. 
Accordingly, a series of reverse bending, strain-controlled, fatigue 
tests were performed to obtain basic design data on the cycle I i fe of 
parent metal, parent metal weld joints, and brazed and welded heat exchanger 
joint sections. Results of the small-scale tests and the preliminary 
design efforts are documented in Reference 11. 


Brayton Cycle Heat Exchanger Technology 


In January 1972, the HXDA program was reoriented from the development of 
a specific power system to a technology program for advanced Brayton-cycl e 
heat exchangers and associated equipment. The detail design of the HXDA 
was terminated; the small-scale tests and fabrication technology efforts were 
continued and ultimately directed specifically to the development of the 
Mini-Brayton Recuperator (MBR) . 

Specific accomplishments of the technology program were: (1) heat 

transfer and pressure drop data were obtained for a finned-tube heat trans- 
fer matrix representative of the heat source heat exchanger; (2) a 
modularized, plate-fin waste heat exchanger with means to verify double con- 
tainment was developed; (3) twenty-two h i gh- temperature braze alloys were 
evaluated to find a low-cost alloy with the desirable attributes of a 
gold-based alloy; the final selection was Nicrobraz 30; and (4), bellows 
designs suitable for operation at 1400°K (1600°K) and 1.4 MPa (200 psia) 
for 1000 cycles and 50,000 hours were determined to be feasible. Bellows 
design techniques developed here were bel ieved to be an advancement in 
the state of the art. 

The basic MBR design for a 2-kW power system was first established 
as part of this technology program. Special attention was paid to flow 
distribution and axial conduction effects to ensure meeting the 0.975 
temperature effectiveness requirement. A thorough transient tempera- 
ture analysis was performed to identify those areas within the recupera- 
tor structure where excessive temperature gradients are developed. High- 
temperature gradients can occur when adjacent structural elements respond 
at different rates to a system startup or shutdown transient. These 
data were the basis for a prediction of thermal fatigue life, and also 
were used to develop alternate structural concepts with increased fatigue 
life. 


The final design incorporated new manifold construction and header 
bar shapes designed to alleviate the thermal stress. Double-containment 
side plates, a scheme originally developed for the alternate design BHXU, 
were incorporated in the MBR design. Hastel loy X was specified for con- 
struction because of its superior strength and fabr icab i I i ty compared with 
a 300-series stainless steel. Gold-base braze alloys were selected because 
of their high strength and ductility compared with nickel-base alloys. 
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Two submodules, half the flow length and half the stack height of 
the full-size MBR, were constructed. One of the units is shown in fig. 5. 

The structural design was similar to the full-size unit. The first submodule 
was performance tested to verify the thermal design and was then subjected 
to repeated thermal cycles. Test parameters, i.e., the time to reach peak 
operating temperature, were purposely set at off-limit conditions to rapidly 
induce fatigue cracking. In this manner any weak areas could be isolated, 
the failure mechanism identified, and appropriate design modifications 
instituted. The second submodule was modified to reinforce weak areas 
detected in the first submodule and was subjected to thermal cycle testing. 

The first submodule accumulated 80 thermal cycles before the test was 
stopped. Internal bypass leakage was observed but the unit was externally 
helium leak tight. The second submodule displayed similar results, but 
in this test external helium leakage was detected after 100 thermal cycles. 
These leaks, which occurred in a corner of the manifold attachment flange, 
were repaired and testing continued. After 278 cycles the test was stopped. 
There was no external leakage except in the corner areas, which continued 
to crack after several repair operations. After a detail metallurgical 
examination, it was concluded that with appropriate modification the MBR 
could withstand at least 100 cycles without internal or external leakage. 
Results of the technology program are presented in Reference 12. 
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F-27048 

Figure 5. — Brayton-Cyc I e Heat Exchanger, 
Recuperator Submodule. 
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HEAT EXCHANGER DESIGN 


The basic design features are shown in the recuperator outl ine in fig. 6 
and the flow and configuration schematics in fig. 7. The heat exchanger is of 
all-brazed and welded construction and is fabricated entirely of Hastel loy X. 

The internal construction is typical for counter flow heat exchangers. Heat 
transfer takes place predominately in the rectangular counterflow section where 
high-performance rectangular offset fins are used. Triangular end sections are 
used to distribute and collect the gas flow to and from the counterflow section. 
Plain rectangular fins are used in the end sections to minimize pressure drop. 
Total heat transfer area (hot and cold sides) is 46.0 m^(495 sq ft). 


Design Features 


The Mini-Brayton Recuperator (MBR) incorporates several unique features 
directed towards increasing heat exchanger reliability and cyclic life. They 
are described below. 

Manifold construction . — Manifolds are not directly welded to the core 
as is the case for a typical plate-fin heat exchanger. Separate manifold 
attachment strips are brazed to the core sides. These strips are purposely 
set back from the corners of the core assembly because of the high tem- 
perature gradients that exist in this area. As shown in fig. 1, a cylin- 
drical manifold extends across the core and is welded to the attachment strips. 
This shape provides for ideal pressure containment. A splitter plate separates 
the hot and cold gas streams within the manifold. The splitter is dished to 
better withstand the pressure differential between streams. 

Braze al loy . — Gold-base braze alloys are specified for all operations 
because of their superior ductility and strength compared with nickel -base 
’a I loys . 

Channel header bars . — To reduce the difference in thermal mass between the 
thin tube sheet and the header bars, the bars are machined in a channel shape 
as shown in fig. 8. 

Seal plate . — After the first braze operation wherein the plates, bars, and 
fins are joined, the braze joints along the sides of the core are exposed. 

A defect in any of these exposed braze joints could result in leakage of cycle 
working fluid to space and eventual shutdown of the power system. To reduce 
the number of exposed joints and potential leak paths, seal plates are brazed 
to the sides of the core as shown in fig. 8. After the seal plates are 
brazed in place, the edges are welded to provide a double containment seal. 

After the first braze, the core sides are machined flat to receive the 
seal plates. The corner radii are matched to the seal plate bend radius. 

The seal plate also provides a surface for joining of the manifold attach- 
ment flanges and mounting brackets to the core matrix. 
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Graduated tube plate thickness . — Tube plate thickness increases from a 
nominal dimension of 0.2 mm (0.008 in.) in the center portion of the core to 
0.81 mm (0.032 in.) adjacent to the 1.0-mm-thick (0.040-in.) sideplate. This 
feature, shown in fig. 8, provides a gradual transition between thick and 
thin plates and thereby provides improved load distribution during a thermal 
trans i ent. 

Sp I i tter-to-core .joint . — To withstand the high tensile loads developed 
at this location, a tongue- in-groove joint design as shown in fig. 9 was 
developed. Each header bar incorporates a paddle-shaped end and when stacked 
and brazed, a monolithic structure is formed at the core apex. A tapered 
groove-and-tongue arrangement is used to facilitate a close fit for brazing. 
The splitter overlaps the sideplates to prevent direct exposure of a primary 
braze joint. 

Weld over braze . — As previously described, the manifolds are not welded 
directly to the core matrix. The cylindrical manifold is welded to an attach- 
ment strip that has been previously brazed to the core. This scheme avoids 
welding over the core braze joints, which is not desirable because the process 
can result in cracks in the weld nugget as well as cracks in the core braze 
joints away from the weld zone. 

Sideplate thickness . — The sideplates are chemically machined to obtain 
the nominal thickness of 1.0 mm (0.040 in.) while maintaining the edges, which 
attach to the manifolds at 2.3 mm (0.090 in.). Thus, the weld joint between 
the manifold and sideplates is effected in material of identical thickness. 

Manifold attachment flange . — To correct a weakness observed in the 
submodule tests, the flanges were reinforced by adding a gusset where 
the flanges join to the sideplate (hot end only). 


Thermal Design 


Design point conditions are presented in Table III. The unit is designed 
for a closed Brayton power system capable of producing a gross power output of 
2345 W. 

Thermal design optimization of the MBR was first conducted as part of the 
Brayton-Cyc I e Heat Exchanger Technology Program (Reference 12). Optimum fin 
geometries were selected for the counterflow section and the triangular end 
section. The manifold was designed to provide uniform flow distribution. 

Results of this optimization, which were used in the final MBR design, 
are presented in Table IV. 

Test results obtained in the technology program using submodules — heat 
exchangers with half the flow length and half the stack height of the final 
MBR — indicated several areas for improvement or further analysis. These 
continued studies are reported here. 
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TABLE III.— THERMAL DESIGN REQUIREMENTS 


Parameter 

Hot Side 

Cold Side 

Fluid 

Xe-He* 

Xe-He* 

Flow, g/s (Ib/sec) 

162 (0.367) 

1 59 .(0,350) 

Inlet temperature, °C (°F) 

722 (1332) 

107 (224) 

Inlet pressure, MPa Cpsia) 

0.494 (71.7) 

0.732 (106.2) 

Ef fecti veness 

- 

0.975 

Combined pressure drop, 
A P/P , percent 

0.700 


*Molecu!ar weight = 83.8 grams/mole 


TABLE IV.— PROTOTYPE HEAT EXCHANGER DESIGN CHARACTERISTICS 


Nominal overall dimensions, cm (in.) 


He i g ht 

35.0 (13.8) 

Width 

17.5 (6.9) 

Length 

73.2 (28.8) 

Estimated weight, kg (lb) 

594 (131.2) 

Mater ia 1 

Haste 1 1 oy X - 

Header bar type 

Channel 

Th ickness, mm ( in . ) 

2.5 (0.10) 

Nominal plate th ickness / ^ mm (in.) 

0.20 (0.008) 

Counter flow core fins^ type 

Rectangular, offset 

Count, fins/cm (fins/in.) 

7.87 (20) 

He i g ht , mm (in.) 

2.5 (0.100) 

Thickness, mm (in.) 

0.10 (0.004) 

End section configuration 


Height hot/ cold end, cm (in.) 

1.27/5.08 (0. 5/2.0) 

Width hot/cold end, cm (in.) 

14.22/14.22 (5. 6/5.6) 

Split hot/cold end, percent 

50 

Fin type^) 

Rectangular, plain 

Count, fins/ cm (fins/ in.) 

6.30 (16) 

He i g ht , mm (in.) 

2.5 (0.100) 

Th ickness, mm (in.) 

0.15 (0.006) 

Number of plate-fin sandwiches, hot/cold 

50/49 

Ports, number 

4 

0D, cm ( in . ) 

6.35 (2.5) 


Notes: 

(1) Plate thickness is variable for the outer sandwiches. 

(2) Fin type is the same for both high- and low-pressure 
passages. 
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End section design . — Achievement of a high temperature effectiveness is 
espec ial I y dependent on obtaining uniform flow distribution across the passage 
width. Flow distribution is controlled by the end section design parameters 
as illustrated in fig. 10. Sizing for uniform flow usually results in 
asymmetrical, unequal end section geometries at the two recuperator ends. 

Use of the same geometry at each end would result in poor distribution because 
the pressure drop would not be equal for the same mass velocity even though 
the flow path lengths are equal. Nonuniformity along parallel paths results 
from the large density difference, and to a smaller extent from the viscosity 
difference, that occurs from the inlet to outlet. 


Three paral lei gas flow paths through the heat exchanger low-pressure 
passages are identified by dashed lines in fig. 10(a). For uniform core 
flow distribution, the total ( in I et-to-oirt I et) pressure drop along each flow 
path should be the same for a constant value of the gas mass velocity. Since 
the entrance, exit, and turn losses are equal for all three flow paths, regard- 
less of end section geometry, this requirement reduces to a requirement for 
equal frictional losses, i .e.. 
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stribution, the average frictional pressure loss 
in the inlet end should be equal to the average frictional pressure loss in 
the outlet end. This is not equivalent to requiring the average total pressure 
drops to be equal because kinetic losses at opposite ends are not equal. 


Fig. 10(b) shows the high-pressure-side fin sandwich for the same 
recuperator. Similar considerations as those discussed for flow distribution 
on the low-pressure side apply to the high-pressure side. Thus, to obtain 
uniform flow distribution throughout the heat exchanger, the end section geome- 
tries must.be such that the inlet frictional loss equals the outlet frictional 
loss on each side of the exchanger. Within this requirement, a number of 
design solutions exist, because for each geometry selected at one end of the 
exchanger, there is a geometry at the other end (obtained by varying the para- 
meters defined in fig. 10(c)) that results in balanced pressure drops. 

For the MBR it is best to use symmetrical end sections, i.e., the ratios 
x/y and z/y are both equal to 0.5. This locates the splitter pla+e in the 
center of the manifold, thereby reducing the stress developed in the splitter 
and manifold to a minimum. For the submodules described in Reference 12, the 
height h was set equal and, hence, the end sections were symmetrical and iden- 
tical; it was elected to accept the resultant f I ow mal d i str i but ion and perform- 
ance loss. 
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For the prototype heat exchanger, end section pressure drops were 
calculated, combined with those in the counterflow section, and the flow 
distribution along the recuperator width that gives equal pressure drop 
(impedance) was then determined. The resultant flow distribution shown in 
fig. 11 indicates nonuniform flow character i sties with a flow variation 
from one side of the recuperator to the other of approximately 8 percent. 
This flow variation is induced by a pressure drop variation of approximately 
11 percent along the flow width if the flow were uniformly distributed. The 
net effect of the flow ma I d i str i but ion is to create a local unbalance in the 
capacity rate ratio, (W C p) co | d/(W C p>hot> which degrades the performance. 

Heat exchanger performance with the fig. 11 flow distributions was 
determined and compared with the uniform flow solution. The results for the 
hi gh-pressure side are shown in Table V. 


TABLE V. — RECUPERATOR PERFORMANCE FOR HIGH-PRESSURE SIDE 


' I 

| Un i form Flow j 

Nonun i form F 1 ow* 

Inlet temperature, °C (°F) j 

107 (224) 

107 (224) 

Outlet temperature, °C (°F) j 

i 

710.4 (1310.7) 

706.3 (1303.3) 

1 

Effectiveness ( 

0.9808 

0.9741 


*Flow distribution shown in fig. 11 

The reduction in temperat&re effectiveness caused by the nonuniform flow 
is small (0.68 percent); however, because of the high effectiveness required 
of the recuperator, the nonuniform flow degrades the thermal conductance, 

UA, by 24 percent. This performance penalty is unacceptable. 

Further parametric studies were conducted. The end sections were kept 
symmetrical (ratio = 0.5), but the section height h was varied. It was deter- 
mined that a reasonable solution could be obtained by setting the section 
heights on the hot and cold ends at 51 and 13 mm (2.0 and 0.5 in.) respectively. 
This configuration, shown in fig. 12, limits the flow maldistribution 
to less than 2 percent. 

Manifold flow distribution . — The heat exchanger manifolding must be 
carefully sized to promote uniform flow into each passage. As discussed 
above, flow uniformity is especially important for a high-effectiveness 
application. The problem is illustrated in fig. 13. In a U-flow con- 
figuration, the static pressure rise due to flow deceleration in the inlet 
manifold must be matched to static pressure drop due to flow acceleration 
in the outlet manifold. In this fashion, the static pressure differential 
is maintained equal across each passage, and uniform flow results. In 
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Figure 13. — Manifold Pressure Gradients. 



a U-flow design it is possible to match the pressure gradients by using 
constant flow area manifolds and adjusting the area ratio between manifolds. 

Based on analytical techniques developed in References 13 and 14, the 
manifolds were sized to promote uniform core flow. The resultant flow areas 
A c , are shown in fig. 12. Gross manifold flow area is controlled by the 
shape of the cylindrical manifold, which is fixed. The calculated net flow 
area is achieved by locating sheet metal baffles within the manifold as indi 
cated in fig. 12. The baffles are vented, and hence, they merely direct the 
flow, and pressure containment is by the manifold structure. 


Predicted performance . — The MBR specification and the predicted per- 
formance are compared in Table VI. Heat transfer performance is based 
on zero heat loss to ambient. A positive margin in the overall thermal 
conductance, UA, of 19.5 percent is indicated; however, known factors 
of flow maldistribution and manufacturing tolerances can be expected to 
reduce the UA margin to 12.0 percent. Based on the submodule results 
reported in Reference 12, the net UA margin is adequate. 

The recuperator pressure drop is predicted to be equal to the specifi- 
cation limit without margin. This is considered acceptable because the 
analytical technique has been shown to produce a conservative result when 
used to predict the submodule performance (Reference 12). 
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TABLE VI .—PREDICTED PERFORMANCE 


Performance 


Cold side effectiveness 

Equivalent thermal conductance, UA, 
kW/°C (Btu/sec°F) 

Total AP/Pj n | e ^., percent 

i 

UA margin = 19.5 percent 
Pressure drop margin = 0 


Factors predicted to decrease equivalent UA 

Up to 2 percent flow 4.0 percent UA 
ma Id i str i but ion : 


Manufactur ing 
to I erance : 


5.5 percent UA 


Requ i red 


0.975 


Pred icted 
(No marg in ) 


0. 9798 


1.406 ( 0.741 ) 1.748 ( 0.921 ) 


0.700 


0.696 


Tota I 

Net UA margin = 12 percent 


7. 5 percent UA 


Predicted Pressure Drop Breakdown 


Core 

End sections 
Inlet-outlet ducts* 
Man i fol ds 
Tota I 


Total for both sides 



0.696 percent 


*1.5 duct velocity heads 6.17 cm (2.43 in.) ID duct 












Structural Design 


The unit must be capable of 100,000 hr (10 years) continuous operation at 
a maximum operating temperature of 1000°K (1330°F). Life requirements further 
specify that the recuperator must endure 1000 operating cycles without failure. 
A cycle is defined as startup of the system, followed by sustained steady-state 
operation at maximum conditions and finally, shutdown of the system until ambi- 
ent conditions are obtained. In general, thermal stresses exceeding the mate- 
rial yield strength will occur during the startup transient. Cyclic life is 
determined by comparing the accumulated plastic strain per cycle to the criti- 
cal plastic strain to cause crack initiation in the heat exchanger structure. 

Results of the submodule test program (Reference 12) identified low-cycle 
fatigue as the most critical design problem. Analyses were performed to pre- 
dict transient temperature distributions throughout the core assembly, the 
resultant thermal stresses, and the cycle life at critical sections; results 
were reported in Reference 12. Because of the critical nature of low-cycle 
fat igue- induced cracking, these initial studies were extended and the results 
for the MBR are presented in a separate section. 

Inertia loads, shock, vibration, and acceleration 
possible during any phase of the operating cycle. The 
therefore, be designed to endure the required loads at 
condition. Inertia loads occur for a relatively short 
launch, and, therefore, short time material properties 


are considered to be 
mounting brackets must, 
the elevated temperature 
time, such as vehicle 
are app I icabl e. 


Design criteria are summarized in Table VII. After consideration of 
possible load amplification, a combined load factor of 50 g was specified for 
vibration, shock, and acceleration loads. This maximum loading is considered 
to act independently along any one axis. Proof and burst pressure tests are 
specified to verify heat exchanger integrity and to ensure a capacity for with- 
standing short-term overpressure conditions. 

Loads induced by pressure containment were analyzed and the results 
presented in Reference 12. Additional analysis performed on the manifold 
sp I i tter-to-core joint and the recuperator installation is described 
below. 


Splitter-core .joint . — Results of the thermal cycle test conducted 
on the first submodule (Reference 12) showed a deficiency at the splitter/ 
core joint. After 10 cycles of operation, a fatigue crack developed at 
the point where the manifold splitter plate is brazed to the apex of the 
triangular end section, thereby permitting interpass leakage to occur. 
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TABLE VI I .—STRUCTURAL DESIGN CRITERIA 


Requirement 

Cond i t ion 

Design Criteria 

Operat i ng 1 i fe 

100,000 hr (10 yr) at maximum 
temperature and pressure 

Total distortion does not 
exceed 1 percent creep 

Cycl ic life 

1000 cycles; transient startup 
and shutdown with 400 sec to 
reach maximum gas inlet tem- 
perature 

Accumulated plastic strain 
i s less than critical 
fa i 1 ure stra i n 

Proof pressure 
test 

150 percent overpressure for 
short time 

Stresses must be 1 ess than 
material yield strength 

Burst pressure 
test 

250 percent overpressure for 
short time 

Stresses must be less than 
material ultimate strength 

Inertia loading 

1 

150 percent load factor for 
short time 

Stresses must be 1 ess than 
material yield strength 


To gain a better understanding of the stresses developed at this location, 
a two-dimensional finite element model of the manifold configuration was con- 
structed using beam elements. Temperature distributions associated with a 
100-second and a 300-second startup ramp* were imposed on the model, together 
with boundary displacements from the core stress analysis. 


Results showed that the thermal stresses developed in the manifold struc- 
ture were below the materia! yield strength. The predicted tensile strength at 
the sp I i tter/core joint for the test conditions (60-second startup ramp) was 
18.6 MPa (2700 psi). This stress level is believed to be below the yield point 
of the braze joint (Hastel loy X brazed with Palniro RE filler alloy), although 
specific data are lacking. 


Meta I I ograph i c examination of the spl i tter/core joint showed that cracks 
had developed in the bar-to-plate joints at the core apex, indicating that a 
high-tensile loading in the stack-height direction occurred during the test. 
Thus, it was decided to perform a three-dimensional analysis to account for 
the manifold restraint in the stack height direction. 

The finite element model is shown in fig. 14. Results for pressure- 
related loading showed lower d i stortions than predicted by a two-dimensional 
analysis, indicating that the specified manifold gauges are conservative. 

Results of the analysis are shown in fig. 15 in the form of thermal 
distortions that occur 70 sec after the beginning of the 100-sec startup 


*Time for hot gas (low pressure) inlet temperature to reach maximum operating 
temperature from a cold start. 
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transient. At . this time the core had expanded more than the manifolds, thereby 
imposing a compressive loading on the manifold splitter plate. Typical stress 
contours are shown in fig. 16. These results show significantly higher 
stress levels than shown by the previous two-dimensional thermal stress anal- 
ysis. The increased stresses can be attributed to the end effects caused by 
the rigid side plates. The apparent elastic stress exceeds the material yield 
strength at certain locations and some plastic deformation will occur; however, 
no failure in the parent material or the weld joints over the heat exchanger 
cyclic life is predicted based on the Haste I I oy X ductility character i st i cs. 

Thermally induced loads on the critical splittei — core braze joint are 
tabulated in fig. 17, which shows the load variation along the stack height 
direction. These loads are much greater than those obtained with a two-dimen- 
sional analysis and increase significantly at the manifold ends where the ends 
are brazed to the side plate. 

As a result of this analysis the splitter joint design shown in fig. 9 
was evolved. This joint provides sufficient shear area to react the thermal- 
and pressure- induced loads. 


The three-dimensional analysis explains why fatigue cracks developed in 
the splittei — core joint during the submodule thermal cycle test. During the 
startup temperature transient, the core matrix responds faster than the mani- 
folds because the matrix contains fins that enhance the heat transfer rate. 

The matrix wants to expand in the core stack height direction as well as out- 
ward from the core apex, but is restrained by the stiff manifold structure. 

A high compressive load is produced in the core matrix, especially at the apex, 
and the material yield strength is probably exceeded during a portion of the 
cycle. During the latter stages of the transient, the manifolds start to 
respond and the load at the core apex is reversed and a high tensile stress 
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relaxes and a measure of creep damage is incurred. Thus, a plastic loop is 
produced, which, after a number of operating cycles, causes a low-cycle fatigue 
crack to develop. 


Insta I I at ion . — The recuperator mounts were desighed to withstand a 
50 g load applied independently along any axis. The allowable loads for 
both a 3- and 4-mount system are defined in outline drawing 190930 (see 
fig. 7). Allowable duct loads and the thermal growths were calculated 
and the results are also shown on drawing 190930. 


Failure Mode, Effect, and Cr i t ica I i ty Analysis (FMEA) 


A failure mode, effect, and criticality analysis was performed for the 
recuperator considering the component and the system installation, and the 
results are presented in Reference 15. No serious design deficiencies were 
found. A number of recommendations were advanced, including the following: 

1. System controls should prevent imposing off-limit pressures 
or temperatures on the recuperator. 
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2. An inspection technique should be developed to verify full braze 
alloy flow on the manifold attachment f lange-to-core braze joint. 

3. System integrator should verify that loads applied to the ducts 
or mounts do not exceed the design allowables. 

4. A qualification test should be performed to substantiate the 
recuperator mounting arrangement. 

PROTOTYPE HEAT EXCHANGER 

A prototype MBR was fabricated to develop fabrication techniques and to 
verify the performance and cyclic life predictions. The unit was equivalent 
to the final MBR in all respects except for the mounting pads, which were 
not used on the prototype. 


Fabrication 

The heat exchanger core was assembled in a three-step brazing procedure. 

In the first operation, Palniro 1 braze alloy (AMS 4784, 50 Au25Ni25Pd) in the 
form of 0.025-mm foil was cut to size and tack-welded to the individual tube 
sheets. The header bars were then attached to the foi I -coated tube plates 
using a fixture to maintain the bars within 0.25 mm of true position along 
their ehtire length. A partial passage assembly with the fins in place is 
shown in fig. 18. The solid header bar is stopped about 18 mm short of the 
end of the passage on the core side next to the passage inlet. This provides 
for additional flexibility in the corners of the core where the transient tem- 
perature gradients are high. A thin sheet metal baffle is used to prevent flow 
from bypassing. 

Individual passages were assembled in a stacking fixture and held in place 
using temporary ties. The assembly was transferred to a graphite fixture and 
brazed in a vacuum furnace. 

After brazing, the sides of the header bars are machined flat and a 
tapered groove is cut at the apex to receive the manifold splitter plate. 

The machined core assembly is shown in fig. 19. The heavier section, 
chemically machined in the si deplate for manifold attachment, is also visible. 

In the second braze operation, the seal plates and manifold splitters 
(fig. 20) are joined to the core assembly using Palniro RE (55Au37Ni8Pd) 
braze alloy. Fig. 21 shows the core assembly after completion of this 
operation. 

In a third and final braze operation, using Palniro 7 alloy (70Au22Ni8Pd) , 
the manifold pan attachment flanges (fig. 22) are brazed to the seal plate 
to form the complete core assembly (fig. 23). 

The manifold pans were fitted and welded to the core assembly. All welds 
were visually checked for cracks using 20X magnification and were then radio- 
graphically inspected. A photograph of the completed prototype unit is shown 
in fig. 24. Conoseal flanges are installed on the duct ends to facilitate 
testing. 
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(a) Hot End. 
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Figure 18 . — Passage Assembly. 
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Figure 19. — Core Assembly After Machining of the Header 
Bar Surface and Manifold Splitter Groove. 



F 27054 

Figure 20. — Manifold Splitter Plates. 
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Figure 24. — Mini-Bray+on Recuperator, Prototype Assembly. 
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Performance Test 


Proof pressure test . — A proof-pressure test was conducted at laboratory 
ambient temperature. Pressure was applied to both circuits at the same 
time. The following pressure levels were held for five minutes: 

Lower pressure (hot) 1.21 + 0.03, -0 MPa (175 + 5, -0 psig) 

High pressure (cold) 1.79 + 0.03, -0 MPa (260 + 5, -0 psig) 

During the pressur ization and subsequent pressure release, the circuit differ- 
ential pressure was not allowed to rise above 0.59 MPa (85 psi). 

No visible deformation or leakage was noted during these tests. 

Helium leak check . — Following a thorough tr i ch lorotr i f I uoroethane cleaning 
of the internal surfaces of the assembly, a helium leak check was made to deter- 
mine the leakage rate between the high- and low-pressure circuits of the unit 
and from the unit to the surroundings. The objective for the intercircuit 
and external leakage is 10 -7 atmospheric cc/sec or less. 

For the external leakage determination, both circuits were evacuated and 
the external surfaces of the unit were enveloped with helium at a slight posi- 
tive pressure. The leakage rate measured was 1.0 x 10 _ ® atmospheric cc/sec. 

The intercircuit leakage rate was determined by evacuating the low-pressure 
circuit of the unit and filling the h i gh-pressure circuit with helium at a max- 
imum differential pressure of 1 atm. In this check, the measured leakage rate 
was 3 x 10 - 8 atmospheric cc/sec. 

Iso thermal pressure drop test . — The nreeeure drop teete were performed with 
laboratory air at ambient temperature exhausting to sea-level ambient pressure. 
Data were obtained at eight flow points in each circuit and the flow range 
covered 20 to 400 percent of the design point Reynolds number. Fig. 25 shows 
a photograph of the test setup. 

The predicted pressure drop with xenon-helium based on the air data 
corrected for Reynolds number effects is shown in fig. 26. At the design 
point flow, this particular unit exhibited a pressure drop 10 percent above 
the design value. 

Heat transfer performance test . — " 1 n actual operation, the Mini-Brayton 
Recuperator will be in a space vacuum environment with xenon-helium as 
the working fluid. Heat transfer performance testing under these conditions 
was ruled out because of cost considerations. Calibration tests, therefore, 
were run using laboratory compressed air with the unit exposed to a sea- 1 eve I 
pressure environment and the test data corrected to design point conditions 
using analytical techniques. 


41 



; n, 


f: ftf SEflSCH i 

I miHHIMffOl occupI 
I ^.PMSMEUSOPUSTli 

^3<992S03?8.lll838l| 


Total -to-total pressure drop, Ap/p, percent 



Figure 




The design point effectiveness is E c = 0.975. At this high effectiveness 
level, small variations in heat transfer surface characteristics, axial conduc- 
tion, and core flow distribution tend to produce large changes in the thermal 
conductance (UA). Small heat leaks to ambient that otherwise would be negli- 
gible must be accounted for. For example, using 150 mm (6.0 in.) thickness of 
a high-temperature fibrous insulation around the heat exchanger would limit 
the heat loss to 1.0 percent of the heat transferred. For the MBR, using 
air as the test fluid, this small heat loss would reflect a 15 percent 
decrease in the overall thermal conductance, UA (with xenon-helium, the 
UA degradation would exceed 35 percent). 

The basic approach used to correct the heat leak was to test at flows much 
larger than the f u I l-scal e flow rates, but at the design temperature level. In 
this case the heat leak is about the same as at the design point flow but the 
effect on UA is much less and an analytical correction for heat leak is reason- 
able. The exact procedure was as follows: 

1. Test at air flows that exceed the design point Reynolds number 
by a factor of four. 

2. Correct the test results for heat leak (estimated to be a 
2 percent or less correction to the measured UA value). 

3. Predict recuperator performance at the high air flow test 
condition. Use the same design data and coefficients as 
originally used to design the MBR. 

4. Compare the predicted performance to test performance. Since 
heat leak has been accounted for, any remaining discrepancy is 
attributed to f low ma Id i str ibut ion , manufacturing tolerances, 
or other related factors. 

5. The percent discrepancy in UA, plus or minus, was assumed 
qonstant over the flow range of interest and this factor was 

■ used when converting the test data to performance with Xe-He. 

The success of this procedure depends on the ability to scale the losses 
other than the heat leak. If calibration tests are performed at fu I I -tempera- 
ture, then complex and non-linear temperature functions are eliminated from the 
process. Reynolds number effects on the heat transfer and pressure drop per- 
formance can be accounted for because test data are available over the range of 
interest. The friction factor (f) and Colburn modulus (j) are monotonic func- 
tions of the Reynolds number; there are no transition regions. 

Flow distribution in the core and manifolds at the high airflow condition 
was checked using the previously described techniques, and no significant 
maldistribution effects were found. A detail discussion of the test plan is 
presented in Reference 16. 
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Test setup . — A view of the overall setup for the heat transfer tests is 
shown in fig. 25. Here, the test unit is insulated with 150 mm (6 in.) of Kaowool. 
A schematic of the test arrangement and instrumentation is given in fig. 27. 

Special consideration was given to temperature measurement because at high 
effectiveness levels, small temperature variations cause a substantial change 
in UA. For example, at design point Reynolds number conditions, a 3°C error in 
the hot gas inlet temperature (nominally at 722°C) yields an 18 percent change 
in UA. The following special procedures were followed: 

1. Premium grade chromel -a I umel wire was used and the junctions 
were calibrated using melting point standards. 

2. For the high-temperature locations (cold outlet and hot inlet), 
aspirating- type probes were used. This particular probe design 
is effective in eliminating thermocouple radiation and conduction 
errors. The probes were calibrated to obtain the recovery factor. 

3. Thermocouple output was read on a precision potentiometer. 

With this installation, it was predicted that uncertainties in the temper- 
ature measurements were limited to 0.25 percent, which corresponds tojH.8°C. 

Data analysis and results . — Heat transfer data were obtained over a flow 
range corresponding to a core Reynolds number range of 100 to 400 percent of the 
design point condition. Heat loss corrections were applied and the test per- 
formance with air was matched on a heat exchanger performance computer program. 
Results are shown in fig. 28. 

Once an accurate match was achieved with air, the performance with Xe He 
was determined merely by changing the fluid property input data. Fig. 29 
shows the results of this scaling procedure. The predicted thermal performance, 
exceeds the required effectiveness by 0.0015 units and the equivalent UA by 11 
percent. 

The increased heat transfer performance tends to compensate for the excess 
pressure drop noted in fig. 26. 

After completing the performance test, the unit was helium leak checked. 

The measured intercircuit leakage was 6.4 x 10 - ^ atmospheric cc/sec, and the 
measured external leakage was 6.0 x 10“^ atmospheric cc/sec. These rates were 
thus well below the allowable leakage rate of 1 x 10~7 atmospheric cc/sec. 

Thermal Cycle Test 

Test objectives were to verify the cyclic life predictions. Test para- 
meters, i.e., the time to reach peak operating temperature, were purposely set 
at off- limit conditions to induce premature fatigue cracks. Thus, the test 
becomes a shakedown of the structural design in which any potentially weak 
areas can be Isolated, the fa i I ure mechanism identified, and appropriate 
design modifications instituted. 
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Figure 29. — Predicted Thermal Performance with XeHe. 
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Equivalent UA , Btu/min °F 



Test conditions, defined in fig, 30, are equivalent in severity to those 
used in the recuperator submodule tests of Reference 12. The hot gas tempera- 
ture profile is identical to that used in the submodule test. The hot and cold 
gas flows are double those of the submodule test, correspond i ng to the increase 
in stack height; flow velocity is identical. The hot and cold gas pressures 
are also identical. The step increase in the cold gas inlet temperature from 
lab ambient to 107°C (224°F) was deleted for the prototype tests. Because of 
the increased performance of the prototype (longer flow length), excessive 
stresses during the hot gas cool-down period do not occur, and a reduction of 
the hot-to-cold gas temperature differential was not required. 

The test setup was similar to that for performance testing. Process con- 
trol equipment was used to vary the air and natural gas flows to achieve the 
specified hot gas inlet temperature transient in a precise, repeatable fashion. 

After completing 5, 10, 20, 40, 70, and 100 cycles of operation, the unit 
was checked for external leakage by pressurizing both sides of the unit to 
0.21 MPa (30 psig) and observing for pressure decay. A soap solution was also 
used to help detect any visible leakage. A pressure decay test at 0.21 MPa 
(30 psig) was also made to detect any evidence of internal bypass leakage. 

There was no indication of leakage at any time. 

After the 100th cycle the unit was cleaned and subjected to a helium leak 
check. Results were as follows: 

External 2.5 x 10“9 5C c per sec 

Internal bypass >10“^ see per sec 

The unit was within the specification for maximum allowable external leak- 
age (1 x 10-7 scc/sec). but there was evidence of a small internal bypass leak* 
The pressure decay test with air was repeated with the following results: 

Initial pressure 0.21 MPa (30 psig) 

Pressure after 40 minutes 0.21 MPa (30 psig) 

Pressure after 48 hours 0.14 MPa (20.9 psig) 

There was definitely a small internal leak but the rate was too small to be 
visible. This leak rate would result in an undetectable change in system 
power output. 

Testing was resumed and an additional 33 cycles were accumulated for a 
total of 133 cycles. There was no visible external leakage at 0.21 MPa 
(30 psig). With the h i gh-pressure side of the unit pressurized to 0.21 MPa 
(30 psig), the pressure decayed to 0.14 MPa (20.7 psig) in 30 minutes. Upon 
examination a small internal crack was detected in a tube plate just behind 
the solid mass that constitutes the manifold sp I i tter-to-core joint. 
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Testing was continued until a total of 200 cycles had been accumulated. 

At this point, the external helium leakage was less than 2.25 x 10 - '*-* scc/sec. 
This leak rate is less than that recorded after 100 cycles; the difference is 
attributed to diffusion of helium through the rubber stoppers used to seal the 
ports, which was less for the test after 200 cycles. 

The amount of internal bypass leakage continued to increase; the test 
history is summarized below: 


T i me 

Start of testing 


Internal Bypass Leakage 
Less than 6.4 x 10“^ scc/sec 


100 cycles 


Pressure decay from 0.21 to 0.14 
MPa (30 to 20.9 psig) in 48 hr 


133 cycles 


Pressure decay from 0.21 to 0.14 
MPa (30 to 20.7 psig) in 30 min 


170 cycles 


Pressure decay from 0.21 to 0.10 
MPa (30 to 14.2 psig) in 5 min 


200 cycles 


Pressure decay from 0.21 to 0.15 
MPa (30 to 21.8 psig) in 30 sec 


A flow check was performed and based on these data, it was estimated that 
the bypass flow of high-pressure xenon-helium gas would be 0.31 gm/s (6.9 x 10 - ^ 
Ib/sec) at design point conditions. This bypass is about 0.2 percent of the 
total flow, which appears to be negligible from the point of view of recuperator 
performance. 


The appearance of the seal plate after 200 cycles is shown in fig. 31 
(the surface was moistened with alcohol to make the blisters more apparent). 

The largest blister (7 cm long by 2.5 cm wide by 0.08 cm high and located 7 
cm from the hot end attachment flange) was first detected after 170 cycles. 

It did not appear to have grown after being subjected to another 30 cycles. 
Another smaller blister, which is evident on the left side of fig. 30, was 
not detected during the 170th cycle examination. 

Voids were known to exist in the seal-plate braze prior to testing. 
Apparently, a crack developed in the header-plate braze joint in an area that 
coincides with a seal-plate braze void. Gas pressure acting in the void area 
caused the blister to develop. Since the unit remained helium leaktight, the 
concept of double containment using a seal plate was effective. 

The corner area where the manifold attachment flange is joined to the side 
plate on the hot end of the core was known to be critical. During the previous 
submodule test, low-cycle fatigue cracks developed in this area; based on these 
observations, the corner area was strengthened by the addition of gussets. 

This area on the prototype unit was closely examined and small cracks were 
detected in the weld joint. The cracks were barely visible to the naked eye. 
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but could be observed with 7X magnification. The crack location is defined in 
fig. 32. The cracks were in the weld joint on the corners of the assembly 
and were on both sides of the side plate located closest to the ports. No 
cracks were detected on the opposite side plate. 

The cracks, which appear to be the result of low-cycle fatigue, did not 
extend through the side plate because the unit still was helium leakproof. 

Cone I us ions 

The completion of 100 cycles of thermal cycle testing with no external 
leakage and a minute amount of internal bypass flow validates the structural 
design of the heat exchanger. Minor modifications were incorporated on the 
deliverable MBR to improve the low-cycle fatigue performance. 

MINI -BRAYTON RECUPERATOR 

The Mini-Brayton Recuperator (MBR) that was assigned for del ivery to 
NASA-Lewis Research Center is identical to the prototype design except for 
the fol lowing: 

• Four mounting pads were installed to permit recuperator 
installation in the Brayton power system. These mounts 
were designed for low thermal inertia, and were configured 
to accept a fitting that incorporates a spherical (self- 
aligning) bearing. This mounting arrangement is required 
to permit thermal growth without binding or appl ication of 
bending moments at the mount location. 

• The side plate doublers were extended past the ends of the 
gussets on the manifold attachment flanges to reduce the 
strain concentration and thereby alleviate the potential 
for fatigue cracking observed on the prototype cycle test. 

No other changes were bel ieved necessary based on the results of the performance 
and thermal cycle shakedown tests. 

Changes were also made to the manufacturing operations to improve the 
unit quality. These included: 

• Addition of a glass bead peening process performed on each 
detail fin to remove any burrs produced during the fin-forming 
operation. Any burrs that separate from the fins during 
actual operation could become a source of contamination to 
the power system turbocompressor assembly. 

• Modified braze tooling to improve seal-plate brazing. 

Pressure-bag fixturing was used to obtain more uniform 
loading compared with the dead-weight loading technique 
used on the prototype heat exchanger . 
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• A cleaning specification using tr ich I orotr i f I uoroethane to achieve 
the following standard: (1) no particles greater than 500 microns, 

(2) 5 particles maximum, 175 to 500 mircrons, (3) 2.2 micrograms 
per sq cm total filterable solids, and (4) 1.1 micrograms per 

sq cm non-volatile residue. 

• A stress-rel ieving heat treatment was performed on the welded 
assembly prior to final machining operations to ensure that 
no unaccounted-for stresses were imposed on the recuperator 
installation during operation. 

The as-brazed core assembly is shown in fig. 33. A view of the corner 
construction showing the braze joints between the machined bar and plate matrix, 
the seal plate, and the manifold attachment flange is presented in fig. 34. 

The close fit is evident; the possibility of a virtual leak in this corner has 
been el im inated . 

The completed recuperator is shown in figs. 35 and 36. The flange 
gussets and extended side plate doubler are evident in the view of the hot 
end construction, fig. 33. 


Acceptance Test 


Acceptance testing consisted of: (1) a proof pressure test, (2) a helium 

leak check, (3) weight determination, (4) isothermal pressure drop (flow cali- 
bration), (5) dimensional check, and (6) a final cleaning operation. Details 
of the test procedure are presented in Reference 17; results are discussed below. 


For the proof pressure test, the 
pressurized to 1.21 and 1.79 MPa (175 
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plate is 0.58 MPa (85 psi). These pressure levels are the respective ambient 
temperature equivalents of 0.84 MPa and 56°C (122 psig and 133°F) and 
1.20 MPa and 707°C (174 psig and 1304 °F). No visible deformation was noted 
on the unit following these tests. 


Results of the hel ium leak check were as fot lows. 


Locat i on 
Externa I 
Internal bypass 


Measured Leak Rate, 
see per sec 

<3.4 x 10" 8 

1.0 x 10' 4 


Leak Rate 

Objective, scc/sec 
<1 x 10~ 7 
<1 x 10~ 7 


Although the bypass leakage exceeds the objective, the unit is acceptable; 
the absence of any visible leakage indicated that the internal braze joints 
are structurally sound. The amount of bypass flow during operation will 
not produce a detectable effect on system power output. 
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Figure 34. — Closeup View 
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Total weight of the MBR was 56.5 kg (128.8 lb). This compares quite well 
with the predicted weight of 59.6 kg (131.2 lb). 

Isothermal pressure drop tests for both the high- and low-pressure 
circuits were conducted at room temperature with air as the test fluid; 
the results are plotted in figs. 37 and 38. The data are converted to 
standard conditions using the factor 

a = 2.84 ^ 

where P = pressure, kPa 
and T = temperature, °K 

For comparison purposes, the results of the prototype pressure drop tests 
are also plotted in these figures. The MBR pressure drop is slightly 
lower than the correspond ing prototype pressure drop. This reduction may 
in part be attributed to the glass-bead cleaning performed on the fins 
of the MBR unit. 

Design point scaling of the above pressure drop data indicates that 
the recuperator would have an overall pressure drop (both sides combined) 

AP/P = 0.73 percent compared with 0.78 for the prototype unit (see fig. 

26 ). 


CYCLIC LIFE ANALYSIS 


During the system startup transient, the recuperator temperature 
response varies in the fins, plates, header bars, and manifolds. Large 
itjiiiptji a i ur tj u i f Terences can be produced in adjacent structures due to the 
difference in their mass and in the local heat transfer coefficient. This 
results in high thermal stresses that can produce plastic deformation in 
local areas, damage produced by plasticity and creep during each operating 
cycle accumulates, and after a sufficient number of cycles, a low-cycle 
fatigue crack develops; this crack can propagate through the parent metal, 
weld, or braze joint. Cracking can result in internal bypassing of the 
working fluid (loss in system power output) or in loss of working fluid 
to space (system shutdown). 

Low-cycle fatigue was identified as the failure mechanism on the 
NASA Engine B recuperator. In this test, cracks were observed to develop 
in the header bar-to-tube plate joints after 15 to 30 cycles of operation. 

Submodule thermal cycle tests reported in Reference 12 showed fhat 
low-cycle fatigue was the mechanism responsible for the cracks that 
developed in the manifold sp I i tter-to-core joint. Fatigue cracks were 
also observed in the heat exchanger structure at the conclusion of the 
prototype MBR thermal cycle test. Indeed, low-cycle fatigue is the 
mechanism responsible for limiting the recuperator life. 
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Corrected static pressure drop, oAp, ps i 



Corrected static pressure drop, crAp, kPa 



Test conditions: 11 

Isothermal 
Fluid = air 
Temperature ^“27°C 

Pressure =“130 to 101 kPa (18.8 to 14.6 psia) 

Heat transfer / 

Fluid = combustion products p 

of natural gas / 

Core average temp. q/ 

= kSk to 435° C (850 to 815°F) £7 

Inlet static pressure A T 

** 496 kPa (72 psia) // 


Legend 

O Isothermal test, prototype unit 
□ Heat transfer test, prototype unit 
• Isothermal test, final MBR 

— Predicted isothermal Ap 

— Predicted heat transfer Ap 


Hot-s ide f 


'essure 
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A thorough understanding of the fatigue mechanism can lead to an 
improved design. Identification of critical areas and means to alleviate 
the thermal stress can increase fatigue life. It is entirely possible to 
develop a recuperator design that can withstand the imposed cyclic life 
requirement. This section presents the results of a continuing series of 
analyses directed towards an understanding of the fatigue mechanism and a 
prediction of the cyclic life of the Mini-Brayton recuperator (MBR). The 
studies are a follow-on to the effort described in Reference 12. 


Startup Transient 


The startup transient is characterized by time required for the hot, 
low-pressure gas to reach a steady-state condition at the recuperator inlet. 

Gas and metal temperatures at the cold end of the recuperator respond much 
less readily, and hence the temperature differentials and resulting thermal 
stresses are minor and not considered in the analysis. Hot gas inlet transients 
are presented in fig. 39. Here, the NASA-spec i f i ed transient with xenon-helium 
gas is shown to take 400 seconds to reach steady state. The flow responds 
quickly and reaches rated flow within 18 seconds. Under these conditions, 
the cycle life is stipulated to be 1000 cycles. 

The thermal cycle test condition is shown for comparison in fig. 39. 

This transient was imposed on the Reference 12 submodules as well as the 
prototype MBR. The test fluid was air and it was estimated that because of 
the increased rate of the inlet temperature ramp (60 seconds to reach maxi- 
mum temperature compared with 400 seconds for the design transient), the 
test unit cyclic life would be reduced to less than 100 cycles compared with 
a design life of 1000 cycles. As previously discussed, the prototype heat 
exchanger did develop an internal fatigue crack after 100 thermal cycles. 


Preliminary BIPS Analysis 


Power system transient analyses have been conducted by the AiResearch 
Manufacturing Company of Arizona (AIRPHX) in support of the Brayton Isotope 
Power System (BIPS). This program, sponsored by the Department of Energy, 
will be the ultimate application for the MBR. Preliminary results are 
reported in Reference 18. 

Various system startup modes were examined and startup cycle 101 con- 
ditions were selected as the preferred mode because they imposed the 
least stress on the recuperator. The recuperator inlet transient for 
startup cycle 101 is also shown in fig. 34. The conditions are considerably 
more severe than the NASAspec i f i ed inlet transient. The BIPS transient is 
based on an analytical model in which it is presumed that the isotope heat 
source has reached a maximum operating temperature of 930°C (1707°F) when 
the start button is energized. The turbine-alternator-compressor assembly 
(Mini-BRU) is motored to a self-sustaining speed and then accelerates on 
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its own to rated speed. Total time to reach rated speed is only 5 seconds. 
Under these conditions, it is predicted that the recuperator will be exposed 
to an initial temperature of 860°C (1580°F). 

A detailed transient temperature analysis of the MBR in response to 
start cycle 101 conditions was performed. The peak stresses were determined, 
and an estimate of the cycle life was established. This work was performed 
under Department of Energy contract EY-76-C-03-1 123, and the results are 
presented in Reference 19. This was basically a two-dimensional analysis 
of the recuperator thermal stresses. At the core-to-manifold joints, however, 
the highest stresses were developed in the stack height direction. An 
estimate of the stack height stresses was combined with the 2-D analysis using 
the 3-D von Mises formula for equivalent stress, and the cyclic life was 
determined. The most critical area was located at the junction between the 
core and low-pressure manifold pan. The computed fatigue life was 15 to 40 
cycles and dependent on the mean stress correction method used in the analysis. 
A fatigue crack at this critical location would permit an internal bypass 
flow. It was predicted, however, that no external fatigue cracks would 
develop that would result in external leakage in less than 100 startup cycles 
at cycle 101 conditions. 


Improved BIPS Analysis 


The implications of fatigue cracking are considerable. Hence, it was 
decided as part of the NASA-sponsored effort to conduct further analysis to 
improve the cycle life prediction. In addition, the continuing power system 
transient analyses performed by AIRPHX have resulted in better estimates of 
the actual flight system startup mode. The latest startup analysis, identi- 
fied as Run 600, was provided by the BIPS program office at AIRPHX (B. Minshall, 
BIPS-GDS Coordination Memo A06009, April 21, 1978). These startup conditions 
are prel i nhi nar ^ , as the flight system scenario has not been finalized. The 
recuperator inlet temperatures from Run 600 are shown in fig. 40. Comparison 
with fig. 39 shows that as far as the recuperator is concerned. Run 600 
represents a less severe condition than does Run 101. 

Using the startup information from Run 600, thermal analyses using 
AiResearch computer programs HXT4 and H0910 were conducted to produce complete 
temperature maps for the recuperator. Maps were constructed at five-sec incre- 
ments up to 170 sec of the startup cycle, and at steady state. The working 
fluid outlet temperatures predicted by these analyses are shown in fig. 40. 

For the stress analysis, the cross section of the recuperator indicated 
in fig. 41 was simulated by the 2-D finite element model shown in fig. 42. The 
model is similar to those previously used and is discussed in detail in Refer- 
ence 19. The three boundary conditions shown in fig. 42 allow for freedom of 
expansion in the X and Y directions. 
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Figure 40. — Run 600 MBR Inlet Conditions and Calculated Outlet Conditions. 




LP INLET 


HP OUTLET 


Figure 41. — Location of MBR Section Analyzed. 


61 




The stresses and displacements in the model were determined using a 
finite element computer program, ANSYS. Stresses were calculated for the time 
intervals supplied by the thermal analysis; the maximum stress was found to 
occur at 30 sec. Figs. 43 through 51 show temperatures, displacements, and 
stresses for the hot end of the MBR at 30 sec, 170 sec, and steady state. 

The most highly stressed area, shown as the shaded, e I ement 496 in fig. 

52, reaches a maximum 2-D von Mises stress of 249 MN/m ^ (36,120 psi) at 30 sec. 
Maximum 2-D stresses at the brazed splitter joint and at the brazed pan joints 
are much smaller than the maximum stress in the core. Since only a 2-D stress 
analysis was performed, the maximum 2-D stress of 249 MN/m^ (36,120 psi) was 
multiplied by a factor of 1.2 to give an equivalent 3-D von Mises stress of 299 
MN/m^ (43,340 psi). A stress concentration factor of 2.0 was applied to the 
equivalent 3-D stress. Fig. 53 shows the variation of von Mises stress, temper- 
ature, and yield strength with time for the critical element 493. The level of 
stress required to cause 1 percent creep at the steady-state temperature of 
596°C (11 05°F ) is also shown. 

With the aid of a schematic diagram of stress vs time for the critical 
element 493 (see'fig. 54), the low-cycle fatigue (LCF) life was evaluated 
using AiResearch computer program X0875. Also included are the diurnal cycles, 
which occur twice every 24 hr when the BIPS passes through sunlight and shadow. 
Over the 7-yr life, around 5200 diurnal cycles are required. Each startup cycle 
was assumed to require approximately 3 hr. Creep damage was considered to occur 
at the steady-state temperature of 596°C (1105°F). Minimum values of material 
properties at the steady-state temperature were taken from Reference 21. Creep 
data were taken from the three standard deviation (minimum) Larson-Mi I I er curves 
shown in fig. 55. A linear interaction formula for the life cycles due to plas- 
ticity and creep damage was used. 

The estimated life of the MBR for Run 600 conditions is 220 to 785 startup 
cycles. This is, of course, in addition to the diurnal cycling. The minimum 
value, 220 cycles, is based on a factor of 10 percent applied to the life cycles 
due to plasticity. The expected value, 785 cycles, is based on 100 percent of 
the plasticity life cycles and 50 percent creep damage. For the BIPS require- 
ment of 100 startup cycles and 5200 diurnal cycles, 46 percent of the predicted 
life would be used up. This is indicated in fig. 54. 

These values of LCF life are based on the maximum values of creep proper- 
ties. If the nominal (typical) values of creep properties shown in fig. 56 are 
used, the correspond i ng minimum and expected values of LCF life are 450 and 
3150 cycles, respectively. 

It should be noted that the above LCF life predictions, which meet the BIPS 
requirement, are for the most highly stressed region of the MBR, element 493. 
Failure in this region would result in internal bypassing only. The minimum 
cycle life for external leakage has not been explicitly determined, but should 
be considerably above the 220 cycle internal leakage minimum. 
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Figure 51 2-D Von Mises Stress Map at Steady State. 
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Figure 52. — Location of Most Highly Stressed Element. 
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The conclusions reached as a result of this study are as follows: 

1. The structura I design data base for Haste I I oy X is adequate. 

Continuing efforts by NASA and DOE will provide the long-term ( 20,000 
hr) creep-rupture properties that are needed to confirm design values. 

2. Available data on the creep-rupture properties of braze joints, 
e.g.. Haste II oy X/Palniro 7 filler alloy, are very limited. Long-term data 
should be obtained to confirm the MBR design values. 

3. The specified temperature effectiveness, E c = 0.975, places the heat 
exchanger design in an especially sensitive area for thermodynamic design. 

Small changes in flow distribution or manufacturing tolerances have a large 
impact on performance. Reduction in required effectiveness at these levels 
is always desirable. It makes design, manufacture, and testing less critical 
and can produce signi f icant weight reductions. 

4. Structural tests including vibration and shock are required to fully 
qualify the design. A long-term (>5,000 hr) creep-rupture test on a full- 
size unit or a representat i ve submodule is desirable to increase the design 
confidence level. This test should be run in conjunction with the basic 
braze joint tests noted above. 

5. An ultrasonic C-scan non-destructive test (NDT) was found to be effec- 
tive in detecting voids in the seal p late-to-core braze joint; however, this 
technique could not be used on the manifold attachment f lange-to-sea I plate 
braze joint due to the asymmetric flange shape. Instead, representative 
parts, which were subsequently sectioned for metallurgical analysis, were 

used to verify the effectiveness of the processing variables, i.e., braze 
alloy thickness, surface flatness and finish, and the time at temperature. 
Development of an appropriate NDT to verify full alloy coverage in the flange 
joint is desirable. 

6. Gold-base braze filler alloys are expensive, but because of their 
desirable attributes, they are still the primary recommendation for this 
application. As noted above, the long-term strength must be confirmed. 

Based on the results of the Brayton Cycle Heat Exchanger Technology Program 
(Reference 12) and the submodule test described in the appendix, a nickel-base 
alloy, Nicrobraz 30, is a possible alternate for the core matrix braze operation. 
Again, no long-term creep-rupture data are available for Nicrobraz 30. 

Isothermal solidification brazing, a recent development described in Reference 
20, holds promise for producing braze joints with creep-rupture properties 

that approach those of the parent metal. High bonding processes or elaborate 
tooling are not required. The basic process, therefore, appears to be appli- 
cable to the MBR and consideration should be given to its development for 
the MBR. 
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7. Based on the most recent projection of the flight system startup cycle, 
the low-cycle fatigue life of the recuperation is predicted to be a minimum of 
220 cycles. This is an excess of the BIPS requirement of 100 startup cycles. 


APPENDIX 


LOW-COST, HIGH-TEMPERATURE BRAZE ALLOY DEVELOPMENT 


Palniro 1, a go I d-base. braze alloy, is used to braze the M&R pla+e-fin 
matrix because of its excellent flow characteristics, minimum penetration 
and alloying with the parent metal, high strength, and high ductility, 

Palniro 1 is an exce I lent -braze alloy in all respects except for its high 
cost, which is prohibitive for terrestrial applications. As part of the 
Brayton-Cyc I e Heat Exchanger Technology program (Reference 12), an effort 
was conducted to find an alloy of. reasonable cost that could meet or exceed 
the performance of Palniro 1. The primary factors considered in this evalua- 
tion were ductility, erosiveness, oxidation resistance, weldability, creep 
strength, and low-cycle fatigue resistance. The evaluation was confined to 
existing a I toys. 

Special attention was given to ductility. Braze joint cracking, which 
was observed during tests of Brayton-cyc I e recuperators, was believed to be a 
low-cycle fatigue failure caused in part by the low ductility of the Nicrobraz 
130 (AMS 4778) braze alloy. This alloy is widely used on steel heat exchangers 
at AiResearch and has proven to be satisfactory in most applications. It was 
believed, however, that its use at temperatures above 920°K (1200°F) in a 
plate-fin heat exchanger was beyond the material capability. Palniro 1 was 
specified for all succeeding applications because of its high ductility and 
strength at 1000°K (1350°F). 

Twenty-two alloys were screened; the final selections were a combination 
alloy, 75 percent Nicrobraz 210 and 25 percent Nicrobraz 30, and straight 
Nicrobraz 30. At the MBR design point conditions, 10 years and 1000°K, 
the creep-rupture properties of the combination alloy used in a single-passage 
plate-fin were superior to those of either Nicrobraz 30 or Palniro 1. The 
results, taken from Reference 12, are presented in fig. 57. The higher 
creep strength of the nickel base alloys is mostly attributed to the larger 
fillets obtained — a d i rect result of using a larger quantity of alloy per 
unit area. 

Continued development of the 210/30 combination alloy was performed 
as part of the MBR program. A submodule core assembly, half the stack height 
and half the gas flow length of the full-size unit, was stacked and brazed 
using the 210/30 combination alloy. The module was identical with those 
used in the Reference 12 technology program. Photographs of the core 
assembly in the stacking fixture are shown in fig. 58. 

The header bar sides of the core were machined in preparation for the 
seal plate braze operation. The braze alloy was found to be ductile and no 
machining problems were encountered; however, development was halted at this 
point because of other results, discussed below. 

A full-size core assembly using spare parts from the HXDA program 
(Reference 5) was brazed as a check on the performance of the 210/30 com- 
bination alloy. On application of the proof pressure, separation occurred 
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at the plate-to-fin braze joint. Metallurgical evaluation indicated that 
the alloy had melted only at the joints between tube-plates and header bars. 
Photomicrographs of representati ve sections of the core gave the appearance 
that there was inadequate melting and flow of braze alloy, even though the 
unit was above 1700°F for a total of 5.5 hours in the vacuum braze furnace. 

It was determined that the 210/30 combination alloy exhibits a wide 
sol idus- 1 iquidus range and during a long cycle, more than 3.5 hours above 
1250°K (1800°F), the Nicrobraz 210 components do not fully melt. The net 
result is that the braze joints are too weak to be considered for the 
MBR application. All small-scale test specimens used in the initial 
development program were brazed using a cycle that subjected the parts to a 
total time of 1.5 hours above 1250°K (1800°F) to simulate a typical full- 
size heat exchanger cycle. For a cycle of this duration, the combination 
alloy is believed to be effective. 

A long-duration cycle, at least 3 hours above 1250°K (1800°F), was 
predicted for the full-size MBR. This is close to the critical time, and 
hence the recommendation to stop any further submodule development. Although 
the submodule braze is probably acceptable, adequate braze al loy. melting and 
flow could’ not be assured for the full-size MBR. 

No adverse effects have been observed using Nicrobraz 30 in a long- 
duration braze cycle. The alloy should be effective for a Brayton-cycl e 
recuperator appl ication. 

Further tests are required to evaluate its low-cycle fatigue behavior. 
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